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Abstract
A novel and state-of-the-art approach for the analysis of cardiac arrhythmias is proposed.
Currently, the analysis of the electrocardiogram is only performed in the time-domain. The proposed
method improves the electrocardiogram analysis by adding spatial properties. The spatial properties
added to the electrocardiogram allow for the analysis of specific regions inside the human heart where
cardiac arrhythmias are suspected to have occurred. In this dissertation, the concept of
electrocardiography was extended using advanced bioelectromagnetism theory. In concrete, the multiple
dipole model of the human heart was used to extend the concept of electrocardiography from a temporal
analysis to a spatial-temporal analysis. The multiple dipole model of the human heart allows analyzing a
specific region of the heart. Therefore, it characterizes the electrical activity of that particular region.
The spatial analysis, useful for clinical application, was achieved by using a statistical analysis with a
population of normal and abnormal patients. The population of normal patients was used to determine
the normal range parameters produced by the multiple dipole analysis. The hypothesis behind this
dissertation is that abnormal patients lie outside the statistical normal range of the values produced by
the multiple dipole analysis. In turn, identifying abnormal patients with this process allows determining
the region inside the heart that was found to be abnormal. Four different experiments were performed.
The complete cardiac cycle was analyzed, as well as the P-wave, the QRS complex, and the T-wave. A
total population of 52 normal patients and 52 abnormal patients was used for the statistical analysis. An
efficiency of 80% was found for identifying normal patients. An efficiency of 96%, 36%, 92.3076% and
90.38.46% was found for identifying abnormal patients for the complete cardiac cycle, the P-wave, the
QRS complex and the T-wave, respectively. It was found that the proposed method is sensitive to the
signal-to-noise ratio and cannot provide an accurate analysis of signals that have a low signal-to-noise
ratio, such as the P-wave. The proof of concept explored in this dissertation provided expected results
and they indicate that this method could be applied in a clinical trial with a larger population. Therefore,
the goals of this dissertation were achieved.
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Chapter 1: Introduction to Advanced Concepts in Electrocardiology
1.1

Introduction
The study of the health of the human heart is an important topic in medicine and science.

Nowadays, worldwide associations are supporting and performing state-of-the-art research in
cardiology, electrocardiology and improvement of clinical procedures. An example of the importance of
these topics is the work published on the statistics heart disease and stroke [1]. The work published in
2006 summarizes the need for improvement on cardiovascular diagnosis. Similarly, improvements of
clinical procedures are important to the scientific community. Achieving such a goal will improve
cardiovascular understanding and, in the long run, the health of patients. For instance, new guidelines
for heart failure were established on 2007 and strategies for their implementation were immediately
required [2]. Cardiac health is a worldwide concern and its study must be tackled promptly and
effectively. The research topic described by this dissertation concerns cardiac health through the analysis
of the electrocardiogram (ECG), because of its inherent characteristic of remotely monitoring the heart’s
electrical activity without invasive procedures.
In medical diagnosis there are analyses in which an invasive procedure is needed to reach a
conclusive diagnosis of the patient’s health conditions [3]. Such procedures cause patient discomfort
during and after the study has been performed. It is a must to provide an alternative to invasive
procedures by extending the use of ECG signals to provide information that otherwise would have only
been available by invasive means. From the stand-point of Electrical Engineering, analyzing the human
heart as an electric source is the starting point for creating state-of-the-art diagnostics techniques. The
heart can be thought as an electric source that induces electric potential on the human body surface. The
surface potential at the surface of the body can be recorded by the use of instrumentation amplifiers.
Nowadays, the electrical activity of the human heart is measured at the surface of the body using an
electrocardiograph. In healthy patients, the electrocardiograph trace is composed of 3 segments [4]. The
first segment corresponds to the initial signal that activates or triggers the beginning of the cardiac cycle
and it is known as the P-wave [4]. The next segment is called the QRS-complex corresponds to blood
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being pumped out of the heart. The third segment corresponds to end of the pumping process for blood
distribution over the body, and it is called the T-wave.
It is a fact; heart failures and heart illnesses have become a major health problem for the US
population [5]. Approximately 550,000 people are diagnosed with heart failure every year in the United
States, in addition to the actual 5 million people already diagnosed with such diseases. Moreover, as
people age, the number of diagnosed individual rises and is expected to continue to rise over the next
few years. In addition to the mortality that it causes (52,828 in 2001 according to [5]), heart failure
represents great expenditures for health service providers and patients.
According to the American Heart Association the incidence of heart failure is increasing every
year. Coronary heart disease along with heart failure, prevails as one of the top cardiovascular problems
in the United States, with 13,200,000 people presenting it [6]. The electric trace of the heart activity,
known as electrocardiogram or electrocardiography (ECG), is one of the tools used by health specialist
to diagnose heart diseases and failures such as hypertrophy, cardiac infarction, conduction defects, et
cetera. The ECG is a projection of the electrical activity of the heart on the human torso, as explained
above, on the location of the measurement site. When more measurement sites are used, an improved
spatial resolution is obtained. Surrounding the human torso with electrodes, and measuring the ECG is
called a Body Surface Potential Map (BSPM) [7].
A Body Surface Potential Map is a color-coded image of the electric potential or voltages over
the body. As the heart induces potential on the body surface, ECG can record those potentials; however,
this recorded potential is limited only to the location of the aforementioned measurement sites. If the
number of those sites is increased up to a point that surrounds the entire body, virtually the complete
spatial electrical activity of the body can be recorded. This is the concept behind the BSPM definition.
The advantage of BSPM over ECG is that BSPM provides the capability of visualizing, in a three
dimensional space, the electrical activity of the heart. BSPM is a fundamental tool when studying the
inverse problem of electrocardiography. Even though ECG can be used to solve the inverse problem;
Body Surface Potential Maps provide a better spatial resolution, but adds more complexity to the
mathematical solution.
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1.2

Advanced Concepts of Electrocardiography and Vectorcardiography
Body Surface Potential Mapping was the first method used for electrocardiography [8, 9]; it

provides spatial information and can indicate in some cases the location in the heart of a particular event.
Studies concluded that the heart seen as an electrical generator from the body surface is equivalent to a
current antenna model. More specifically, the heart can be seen as a single dipole located at the center of
the heart; the magnitude and orientation of this dipole changes according to the heart cycle. Depending
on the segment of the cardiac cycle, the potential induced by this dipole in the human torso varies.
However, electrocardiography relies more on electrode placing; the recorded electric potential is highly
dependent on the location of the measurement site. For instance, the first method proposed for lead
locations required the use of three bipolar leads [10,11]. The electrodes are placed on the limbs with the
goal of measuring the electrical activity of the human heart projected onto the frontal plane. In later
studies, 6 precordial leads were added [12], plus 3 augmented leads [13] resulting in the common 12lead electrocardiography used for diagnostics nowadays.
Furthermore, the concept of Vectorcardiography allows one to study the electrical activity of the
human heart in 3-dimensions [10]. The vectorcardiogram (VCG) not only provides the frontal plane
measurement as the 3 limb-leads system, but in addition, it provides the electrical projection onto the
sagittal and transverse plane. In VCG, it is assume that the heart behaves as a current source, and thus it
can be modeled as a current vector; called the heart vector. The projection of the magnitude and
direction of the heart vector on the frontal, sagittal and transverse plane compose a VCG. Each
projection depicts a VCG loop; one for each segment of the ECG. These VCG loops assist in the
visualization of the electrical activity of the human heart in 3-dimensions. These 3-dimensional traces
are an additional tool for diagnosis of cardiac illness.

1.3

Forward and Inverse Problem of Electrocardiology
The goal of electrocardiography is to analyze the heart’s electrical activity from measurements

on the surface of the body aiming to determine the current health of this vital organ. In this manner,
cardiologists that study the ECG are able to analyze the electrocardiographic traces and infer the current
3

health of the heart. The process of analyzing the measurements produced by the heart on the surface of
the body and inferring the current of the heart is called an inverse process. Thus, this is the inverse
problem of electrocardiography. The inverse problem of electrocardiography is an alternative for
diagnosis of cardiac illness. Unlike invasive procedures, the use of ECG and the inverse process
provides a non-invasive procedure for the study and diagnosis of the heart’s health. Assuming that the
heart acts as an electric source [14], cardiologists solve the inverse problem of electrocardiography by
inferring the properties of the electric source that produced the electrical activity on the surface of the
body. The inverse problem of electrocardiography is a complex problem that, inherit in its definition,
has many solutions [15]. Therefore, in order to solve the inverse problem of electrocardiography it is
necessary to have an expectation of the result. In this way, unrealistic solutions can be discarded.
Nowadays, the use of computers has extended the limits to which an inverse problem can be analyzed.
In the case of electrocardiography, the use of computers allows increasing the number of variables and
unknowns in the problem definition, i.e. increased surface measurements, increased inner body
properties [15]. In this way, cardiologists have the alternative of utilizing computer-aided diagnosis for
cardiac illnesses that would otherwise be unavailable to them. The fact that a computer can account for a
greater number of variables and unknowns for the inverse problem than humans results in a great
advantage for the field of cardiology.
The inverse problem can be defined as versatile. It has the advantage that it can be adapted to a
variation of the inverse problem. For instance, the use of vectorcardiography allows inferring the current
health of the human heart. Therefore, vectorcardiography is also an inverse problem, because from
surface measurements it attempts to provide information of the source that produced the surface
measurements. Unlike the ECG, the VCG has various methods for measuring a vectorcardiogram [10].
In turn, the inverse problem of electrocardiography using the VCG can be defined in as many ways as
there are methods for measuring the VCG. The adaptability of the inverse problem gives yet another
advantage and alternative for the study of the electrical activity of the human heart.
Due to the nature of the problem, inverse problems do not have a unique solution [15].
Nevertheless, simplifying them by using a realistic, but yet simple model of the human heart can tackle
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such ill posed problems. Such models are the single dipole model source, multiple dipole model, or
moving dipole models, and fixed dipole models. Also, the inverse problem is sensitive to noise and
artifacts. Thus, the analysis of such a problem must be done in such a way that artifacts are reduced to a
minimum.
On the other hand, assuming that the electric source is known and the surface measurements are
to be reconstructed is known as the Forward Problem of Electrocardiography. In other words, it is
assumed that the electrical properties of the heart are known and the goal is to reproduce the
measurements of taken from the surface of the body. The forward problem of electrocardiography is
divided in to two methods: Surface Methods and Volume Methods. In the case of surface methods,
Green’s second identity equation must be used for calculating the surface potentials. On the other hand,
using the Finite Volume method can be used to solve the forward problem of electrocardiography. The
forward problem of electrocardiography allows the analysis of computer heart models, defibrillation, etc
[14,16,17,18].
1.4

State-of-the-Art
The current standing of research in cardiology and electrocardiography is summarized in this

section. Selected articles from recent journals are outlined with the objective of broadening the scope of
research in cardiology. The work described in this section is at the research stage and has not been
implemented in a clinical setting. Nevertheless, it is important to mention their goals and objectives,
because future clinical diagnostics could be based on similar analysis or processes. It would be
impossible to include every work regarding the current standing in cardiology research. For this reason,
I have included a brief summary of four articles of recent publication at the time of this dissertation.
For instance, the work titled “A Dynamic Heart to Facilitate the Development of Mitral Valve
Repair Techniques,” published by Richards in BMES Annals of Biomedical Engineering, provides an
introduction to the current standing of mitral valve repair [19]. The goal of this research is to provide
alternative procedures for reduction in cost and complexity of surgical procedure. The method they used
for achieving this goal was by simulating atrial regurgitation to develop improved surgical techniques. A
picture of the proposed system is shown in Fig. 1.
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Figure 1. Image of the proposed system from the article titled “A Dynamic Heart to Facilitate the
Development of Mitral Valve Repair Techniques” by Richards [19]. The goal of his
research is improving of surgical cost by simulating atrial regurgitation.

Similarly, the worked published in BMES Annals of Biomedical Engineering in April 2009,
titled “Hemodynamic Energy Dissipation in the Cardiovascular

System:

Generalized

Theoretical

Analysis on Disease States,” is the state-of-the-art work in venous and arterial circulation research [20].
In this work, the energy expenditure of the circulatory system is studied. The goal is to arrive at a
formula that describes the total energy budget of the venous and arterial circulation. In this way, the
author, Lakshmi, attempts creating indices specific to patients and diseases for further comparison. Even
though this is an empirical approximation the author claims the results allow a precise diagnosis of
circulatory diseases. Similar systems have been proposed with acceptable results; with patient wellbeing in mind, researchers continue to improve development techniques of damaged cardiac valves. For
example, in the article titled “A new Bioreactor for the Development of Tissue-Engineered Heart
Valves,” the goal is simulate the flow rate of the heart, with the purpose of improving the development
of tissue-engineered heart valves [21]. An image of their proposed prototype is shown in Fig. 2.
6

Figure 2. Ruel’s bioreactor for the article titled: “A new Bioreactor for the Development of TissueEngineered Heart Valves” [21].

In addition, the area of angiography has current advances relevant to our purposes. Angiography
is a technique that, when applied to cardiology, allows visualizing heart arteries and veins as well as
heart chambers. In general, it utilizes x-rays and a reactive agent that permits the imaging of arteries and
veins in two dimensions. However, state-of-the-art technology, as described in the article titled
“Coronary Artery WSS Profiling Using a Geometry Reconstruction Based on Biplane Angiography,” is
being used to display a three-dimensional view of arteries for coronary artery profiling and modeling
[22]. The goal of such research is to provide spatial information of coronary arteries aiming to localize
illness locations. In this way, appropriate treatment can be prescribed according to the site of illness.
Likewise, spatial localization of regions of interest is relevant topic in this research area. For instance,
the article titled “Region of Interest Sensitivity Ratio in Analyzing Sensitivity Distributions of
Electrocardiographic Measurements,” has a similar goal. Its goal is to determine, by quantifying the
sensitivity of a measurement, the accuracy of the method in analyzing ECG leads [23]. Spatio-temporal
analyses are of great interest to the scientific community.
7

The articles cited in this section are the latest reported advances of this research. However, it is
expected that greater advances will be reported in the near future. The use of numerical techniques, as
well as computer-aided software is of common use in this research area. In turn, advances in computer
simulation software will provide a gateway for faster and more accurate development in diagnosis
techniques. The goals in cardiology research can be expected to increase dramatically as more capable
computer software becomes available. It can be expected that the goal of researching a comprehensive
spatial-temporal analysis of cardiac activity of the human heart will be attained will the help computer
software and an increase understanding of the inverse problem of electrocardiography.
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Chapter 2: Research Topic
2.1

Problem Statement
The analysis of state-of-the-art technology in cardiology and electrocardiography led to a novel

research topic proposed in this dissertation. It was noticed that most current research is being based on
either a spatial analysis or temporal analysis, and in some cases on spatial-temporal for an improvement
in current diagnosis techniques. Unlike the ECG, the research proposed in this work makes use of both
concepts: spatial-temporal analysis. The goal is to provide an alternative tool for current diagnostic
methods of cardiac illnesses. In this work, the basic concepts of electrocardiography and
vectorcardiography were analyzed and taken a step further, creating a new analysis technique for the
current demand in cardiology healthcare.
The problem tackled in this dissertation is the following. The electrocardiogram, even though is
useful for cardiac diagnosis, does not provide accurate spatial information regarding the origin of
electrical activity inside of the heart. The ECG is based on the simple concept of an electric source,
inside the human body, inducing potentials onto the surface of the body. The measurements provided by
the ECG are the raw information of the induced surface potentials. Therefore, based on the theory
behind the ECG, no spatial information is given on the ECG traces. However, the ECG can adapt spatial
properties, through cardiac pacing. In this way, cardiologists relate the different shapes of the ECG with
a possible region in the heart where the electrical activity could have originated. Nevertheless, the theory
of ECG by itself does not provide spatial properties.
In this dissertation, the concept of ECG is taken a step further and it has added the properties of
spatial-temporal analysis without the use of cardiac pacing. In theory, adding spatial-temporal properties
to the ECG it allows for diagnosing possible site localization of arrhythmias. However, the theory must
be tested with clinical data to determine its accuracy. Therefore, the research topics presented in this
dissertation are the following: (1) based on electrical engineering concepts of electromagnetism, the
concept of ECG must be analyzed and adapted to provide spatial-temporal information from surface
potential measurements, (2) test the proposed work with clinical data to determine the accuracy of the
analysis, i.e. accuracy on determining whether a patient has a healthy ECG or an abnormal ECG, (3) test
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patients with abnormal ECGs and provide the resulting spatial-temporal analysis, i.e. possible site
localization of arrhythmias.
All in all, the problem statement of this dissertation can be stated as follows: currently, the
available ECG technology lacks spatial information, limiting the analysis of cardiac illness. Nowadays,
there exist invasive procedures that can compensate for the spatial information missing on the ECG.
However, invasive procedures cause patient discomfort. Therefore, the work presented in this
dissertation is to provide an alternative for diagnosis of cardiac illnesses, specifically arrhythmias,
through the use of the ECG, by incorporating spatial-temporal analysis with the goal of reducing the
need of invasive procedures and patient discomfort.
It is important to state that the work presented here is a proof-of-concept; meaning that an
algorithm, based on strong theoretical electrical engineering concepts was tested, under specific
conditions, to determine the capability of spatial-temporal diagnosis of cardiac illnesses. Current
resources do not allow for an extensive clinical trial. However, the research presented in this dissertation
is composed of an extensive analysis of ECG from actual patients obtained from a database. This
database, as will be explain in a later chapter, is widely available online [24]. Nevertheless, the research
and approaches presented in this dissertation are ready to be applied in clinical trials. Clinical trials to
which this research could be applied are not just to patients with arrhythmias, but also to patients with
incomplete or complete right bundle block. This stage of research is left for future work.
It must be noticed that the goal of this research is not to replace the current technology in
cardiology diagnosis. The art of diagnosing a cardiac illness is complex and non-trivial. The more
available diagnostic tools, the more likely the patient is to be diagnosed successfully. Furthermore, this
research has as one of its properties the ability of estimating the source of arrhythmias without a surgical
intervention; otherwise available with invasive and expensive techniques.

2.2

Previous Work
Since the implementation of the ECG to clinical trials, the ECG has been used in its simplest

form without taking into account spatial properties. Currently, there exist extensive research in the
10

analysis of the raw ECG traces, but not on its spatial properties. Nevertheless, research on the spatialtemporal properties of the inverse problem of electrocardiography is being developed. However, the
results of such research are still in clinical trials and have not reach a greater patient population of
cardiac patients. The novel work presented here is at the same level of the current state of research of the
spatial-temporal properties of the ECG.
The previous work relevant to this research topic is based of the dipole model of the human
heart. Specifically, the published work titled “Localization of an Equivalent Central Cardiac Electric
Dipole for Electrocardiography Applications,” and “Inverse Problem of ECG for Different Equivalent
Cardiac Sources” are the starting-point of the work presented here [27, 28]. Both articles attempt to give
a solution to the inverse problem of the human heart. Their approaches will be discussed in the next
paragraphs. However, it is important to mention that their approaches do not include spatial components.
Their objective is to explore the reconstruction capabilities of the equivalent central cardiac electric
dipole; their goal is to reconstruct the ECG signals.
First of all, in the article titled “Localization of an Equivalent Central Cardiac Electric Dipole for
Electrocardiography Applications” a detailed description is provided of an optimization method for
finding the localization of a central cardiac dipole that provides an optimized equivalent solution [27]. In
this article, the authors created their own simulation software that allowed them to obtain simulated
surface potentials by using a cardiac dipole as the generating source. Their simulation software utilized a
realistic Finite Element (FE) torso model. In this way, the authors claimed that the results yield realistic
results. The optimization method used in this article was the Levenberg-Marquardt method. Using this
iterative optimization technique, the authors were able to find an equivalent central cardiac dipole that
would optimally reconstruct the ECG signals.
The implementation of the Levenberg-Marquardt method in a finite element torso model is a
complex task. It requires the use of internal FE nodes and assumptions that they represent a location in
which a cardiac dipole can be located. In this article, the goal is to reconstruct a set of measured ECG
signals. Moreover, optimizing the location of a cardiac dipole inside of the FE human torso is required
to do the ECG signals reconstruction. In other words, the position of the cardiac dipole is unknown and
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must be found in order to arrive to a definite result. The unknown three-dimensional position was found
using the Levenberg-Marquardt method.
As required by Levenberg-Marquardt method, an initial condition must be defined that will allow
the method to approach a solution to the problem. The initial condition set in this article was a cardiac
dipole position inside of the FE human torso model. The iteration process begins after setting the initial
condition. The initial condition provides a preliminary reconstruction of the measured ECG signals. The
reconstructed signals are compared to the measured signals and the difference between them is
computed. The iterative process of Levenberg-Marquardt yields a modification to the initial conditions
to the problem. It yields the parameters for the second iteration, i.e. an improved dipole location for the
second iteration. In this case, the second iteration yields a second set of reconstructed ECG signals that
must be compared to the measured signals. Similarly, the difference of the reconstructed and measured
signals is calculated and, based on Levernberg-Marquardt the third dipole location is obtained. The
process is repeated using the conditions of the third iteration, and, as before, the difference of the
reconstruction is calculated and a fourth iteration is performed. The process is continued until the
iterative method has converged or has reached an acceptable measure of difference between the
measured and reconstructed ECG.
The method published in this article proves to be effective in providing a solution to the inverse
problem of electrocardiography. In fact, this approach is a perfect example of an equivalent solution.
The method proposed in this article iterates until it finds an adequate solution based on the problem
specifications. Nevertheless, the solution found by this system cannot be taken as unique, because of the
nature of the inverse problem and the infinite number of solution it can have.
In addition, it must be noted that this approach lacks spatial information on ECG signals. The
goal of this article was to merely find an equivalent location for the cardiac dipole inside of the human
torso, and not to incorporate spatial properties to the cardiac dipole. This method provides a good
approximation to the actual solution of the inverse problem of electrocardiography.
Second of all, the article entitled “Inverse Problem of ECG for Different Equivalent Cardiac
Sources” explores the ECG signal reconstruction properties of the dipole model of the human heart
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located at the center of the heart [27]. In this article, the authors followed a conventional approach. The
research conducted on this article was done using an FE model of the human torso. The use of a FE
model facilitates the realistic simulation of surface potentials, and for their research purposes it allows
the accurate simulation of dipole sources in any given location inside the heart. In their case, their goal
was to experiment, through realistic simulation, with the central cardiac electric dipole. However, in
order to make a comprehensive study, the results of the central cardiac dipole were compared to
simulations of dipoles located in sites other than the central site. For instance, five different dipole
locations were used in this article. These dipoles were located in the four heart chambers, respectively,
and one on the center of the heart. The method used for reconstruction of ECG signals was least squares
with the goal of minimizing the residual between a measured ECG signal and the signal produced from
the dipole model. The process required by this approach is complex.
As a first step a given dipole is chosen and it is located on a specific site inside the human heart.
For the sake of example lets assume the central dipole is to be analyzed. Then, utilizing the properties of
the FE model the conductivities of a realistic torso can be assigned to the elements of the FE model. In
this sense, the simulation will yield results as close to the real scenario as possible. In the FE sense, it is
necessary to determine a set of equations for every simulation to be performed. In this case, the
simulation settings are dependent of the dipole properties, i.e. central cardiac dipole. After defining the
set of equations, it is necessary to convert them in matrix form, since it is a common approach to solve
inverse problems in matrix form. It must be noticed that this matrix is constituted of properties that were
assigned to make the simulation realistic. In other words, the matrix’s elements consist of conductivity
values that reflect those of a realistic human torso. Similarly, a set of given ECG measurements must be
set in matrix form as well. Once the conductivity matrix and the ECG signals are transformed in matrix
form the simulation’s result can be obtained. The result of this simulation is compared to the expected
result. The expected results in this case are the ECG signals. As in every least-squares problem, a
comparison between the expected value en the obtained value is made. The objective of such approach
is to minimize the difference between the expected and the obtained result. In this way, the solution is
forced, through a least-square solution, to provide an acceptable difference between the expected and
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obtained result. All in all, the goal is to reduce the difference between the simulation’s result and the
actual ECG measurements. Achieving an acceptable difference allows us to reach accurate conclusion of
the actual state of the electrical activity of the human heart. However, it must be noted that these dipoles,
and all dipole studies in that manner, are equivalent dipoles [29] and their result must be taken as such; it
is the best equivalent solution to the inverse that can be obtained under the given initial conditions.
In this article, the ECG reconstruction capabilities of the central cardiac dipole were compared to
reconstruction capabilities of dipoles located on other sites inside of the heart. Mainly, the simulation
was performed for five different cases as stated in the article [28]. This approach requires that a set of
equations, for the FE model, be calculated for every simulation to be performed. Similarly, the leastsquares method is required to be performed for each simulation of any given cardiac dipole.
The results show that accurate simulations can be performed using a FE model, given that
realistic conductivity values are incorporated and a least-squares approach is used. This approach proved
efficient to reconstruct ECG signals. However, the reconstruction of ECG signals did show a lack of
accuracy. Even the central cardiac dipole showed a considerable difference between the original and
reconstructed ECG. The process, as defined in this article, leaves room for improvement on the accuracy
of the signal reconstruction.
The methods discussed in this section provided a starting point for the work presented in this
dissertation. It provided a method for reconstruction of ECG signals using a dipole model of the human
heart. This method was improved during the course of this research. In addition, the methods previously
described, do not incorporate spatial analysis other than locating the cardiac dipole in a specific site
inside of the heart. The goal of this dissertation was to improve the state-of-the-art work on
reconstruction of ECG signals by improving the accuracy of the method and transforming the problem
from a temporal analysis to a spatial-temporal analysis.

2.3

Proposed Solution
The proposed solution for this research problem is based on the work previously mentioned [27,

28]. The approach to be taken is by implementing the concept of multiple fixed dipole model of the
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human heart to precordial ECG signals. This concept will be explained in the Chapter 3. Unlike previous
studies this work incorporates the use of a-priori information. Using a-priori information, the multiple
dipoles can be located in a region limited by the heart boundary. In this way, the solution obtained from
the analysis is referred to that specific region of the heart at which the dipoles are located. In this
research, a total of 5 fixed dipoles sources are to be used. These dipoles are located in the Sinuous Atrial
node (SA Node), Sinuous Ventricular node (AV node), the Bundle of Hiss, left ventricle, and right
ventricle. In order to analyze the complete cardiac cycle correctly, the number of dipoles and locations
are to be changed as according to the cardiac cycle. For instance, the analysis of the QRS complex will
be done using 3 dipoles located the Bundle of Hiss, left ventricle, and right ventricle, respectively. In the
case of the T-wave analysis, the dipoles to be used are the same as for the QRS complex. Finally, the Pwave analysis will be done using 2 dipoles located at the SA node and AV node.
The multiple fixed dipole model concept, as well as the single dipole model, takes into account
inner body properties, such as conductivity of inner organs, blood, bones, etc. In addition, it provides an
equivalent solution to the inverse problem of electrocardiography, by providing equivalent dipole
solution to the measured potential from the ECG. Thus, the solutions obtained from this analysis are
referred to an equivalent region inside the human heart. Previous work on this topic was can be found in
the literature [27, 28, 29, 30, 31, 32, 33, 34, 35]. The improvement that the work of this dissertation has
over the previous work is that it can provide the possible location of arrhythmia inside the heart without
added discomfort to the patient.
In order to determine whether a patient is healthy as far as the ECG trace goes, it is necessary to
establish a normal range for the values obtained from the multiple fix dipole model. Therefore, it is
necessary to perform a statistical analysis of the multiple fix dipole model. The process is to be repeated
with a population of 52 healthy patients that have healthy, or normal ECG traces. The result of this
analysis will establish the mean and standard deviation of the expected values. Therefore, ECGs from
patients that produce dipolar values that are not located within the range of normal ECGs are considered
to be abnormal patients. In addition, a normal range for the dipolar values obtained from the multiple
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fixed dipole analysis is required for the P-wave, QRS complex, and T-wave. In this way, the analysis
takes a greater accuracy by analyzing specific segments of the ECG.
The analysis of multiple fix dipole using precordial ECG leads hast taken a step forward by
implementing the 128-Lead Body Surface Potential Map (BSPM) system from the Biopotentials
Imaging Lab of the ECE department at UT El Paso. The advantage of this is that it can be identify the
theoretical number of sources that can be implemented with a measurement of 128-Leads. A statistical
analysis of this procedure is not possible, because there is no database available that can be used to
calculate the normal range for healthy patients. Therefore, the goal of implementing the multiple-fix
dipole analysis on the 128-Lead BSPM is to determine the practical number of dipoles that can be used
in a clinical setting. More information in BSPM and its clinical usage can be found on [8, 36, 37, 38, 39,
40].

2.4

Clinical Applications
The improvement that this research proposal has over previous work is that it can provide the

possible location of arrhythmia inside the heart. The clinical applications of the proposed diagnostic tool
are many. It can be applied to the emergency room, because it does not require added electrodes other
the standard ECG electrodes [41, 42, 43]. It can also be used for arrhythmia localization such as
incomplete right bundle block, complete bundle block, bradycardias, and tachycardia. A tool as the one
described in this dissertation can bring an alternative and a positive impact on today’s diagnostic
techniques in cardiac illnesses.
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Chapter 3: Electromagnetic Theory of the Electrical Activity of the Human Heart
and the Standard 12-Lead Electrocardiogram
3.1

Introduction
Similar to any muscle cell in the human body, the generation of electrical activity of the heart has

its roots on chemical reactions. According to Plonsey, the potential measured at the surface of the torso
can explained by sequential actions of cardiac membranes and groups of cells. The major components of
the heart are the working muscle of the atria and ventricles, the specialized conduction cells, and the
pacemaker cells [29]. The pacemaker cells, the cells that trigger the cardiac cycle, are characterized by
being self-excitatory. In a healthy heart the Sino-Atrial (SA) node is where the electric activity of the
heart is triggered, and is where the pacemaker cells are located. The triggering, or excitation, of the SA
node initiates the action potential and excites neighbor cells, and in turn neighbor cells keep exciting
neighboring cells. The contraction of the heart muscle is due to this chain reaction of events. In turn, the
contraction of the heart muscle generates a potential into the surface of the body.
Nowadays, the potential generated on the surface of the torso by the contraction of the heart
during a heartbeat is measured using an electrocardiograph. The electrocardiograph is an electric
instrument that is designed to measure the weak potentials generated by the heart on the surface of the
body. Using electrodes with conductive gel, the electrocardiograph is able to amplify and filter the
signals measured by the electrodes. In order to amplify the weak signals on the surface of the body
instrumentation amplifiers are required. In addition, the signals generated by the human heart have a
bandwidth of 110Hz. Therefore; the electrocardiograph must be design to acquire signals in the range of
0.5Hz to 110Hz. The lower cutoff frequency is required to eliminate the offset of the system and signal
drift due to artifacts. The output signals that an electrocardiograph provides are called an
electrocardiogram. In this way, the 12-lead electrocardiogram is acquired and thereafter is used for
diagnosis of cardiac illnesses.
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3.2

Faraday’s Law of Induction and the Electrocardiogram
In order to perform any analysis of the electrical activity of the human heart it is necessary to

define a mathematical model that would describe the physical phenomenon being studied. In this case,
the fact that surface potentials can be recorded on the surface of the heart leads to assume that the heart’s
muscle contraction is responsible for these surface potentials. In this case, the problem can be defined as
a source, inside a medium, inducing potentials onto the surface of the body. The problem is analogous to
an antenna, or source, radiating electromagnetic energy to a distant receiver through a medium.
However, there is a noticeable difference between a radiating antenna and the human heart. It must be
noted that the medium in which the antenna transmits its energy is free-space. On the other hand, the
human heart, the source, radiates its energy through the medium of the human body composed of: lungs,
thoracic cage, blood, liver, fat, and skin [15]. The mathematical model required for the study of the
electrical activity of the human heart must take into account all these properties. It must model a
radiating electrical source, it must model a conductive medium, and it must be capable of
mathematically expressing potentials induced onto the surface of the conductor by which the medium is
limited.
Arriving at a mathematical model that describes all the human body physical properties is a
monumental task. The inverse problem of electrocardiography assumes an electric source located inside
a volume conductor; the human body is assumed to be the volume conductor. Even though there are
only three components to this model, the heart, volume conductor and the medium, modeling becomes
an epic mathematical problem. The source, in this case the heart, can be model using many different
approaches. As well as the medium, it can be modeled as complex as it is necessary. Selecting one
model over another is only of a matter of preference or as deemed necessary by the problem that is to be
researched.
However, the use of electromagnetic theory can be applied to this problem and it can take into
account the electric source, the medium, and the volume conductor. Specifically, the electrocardiogram
can be modeled using Faraday’s law of induction. As a consequence, Faraday’s Law provides insight on
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the mathematical relation between the electrocardiogram and the vectocardiogram (VCG). The
following is a detailed derivation of a mathematical model that describes the electric activity of the
human heart. The model presented here is meant to describe the relations between the heart, the
electrocardiogram, and the vector cardiogram. The derivation begins by stating Faraday’s Law of
induction:
p

v=

^

^

E • dl

!

(1)

p0

^

where v is the potential measured at the surface of the body, E is the quasi-static electric field vector on
^

the surface of the torso induced by the source and dl is the vector differential describing the path of
integration from a reference point p0 on the surface of the body to the point-of-interest p located on the
surface of the body [43]. In electrocardiography, the use of a reference measurement is a common
practice. In the same way, Faraday’s Law, as stated in (1), takes into account the existence of a reference
electrode. In common practice, the reference electrode is taken to be located at the farthest site away
from the heart. This is done in an attempt to find the zero potential measurement that can be used as a
reference for measurement of the electric activity of the human heart on the surface of the body.
The relationship between the electrocardiogram and the vectorcardiogram is expressed in
Faraday’s Law. In order to arrive to an expression that describes this relation is necessary to assume
vector differential in rectangular coordinates.
^

^

^

^

dl = dx ax + dy ay + dz az

(2)

Similarly, the quasi-static electric field vector
is also!assumed to have rectangular coordinates, as
!
!
follows:
^

^

^

^

E = E x ax + E y ay + E z az

Substituting (2) and (3) into (1) gives the !
following
!
! expression
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(3)
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( Ex ax + Ey ay + Ez az ) • ( dx ax + dy ay + dz az )

!

(4)

p0

Rearranging the expression we!obtain!the following:
!
!!
x

v=
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x0

^
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z

^

^

Ex ax • dx ax + ! Ey ay • dy ay + !

^

Ez az • dz az

(5)

z0

y0

!
!
!
!
!
!
Now, since it was assumed that the heart is inside a volume conductor, the path of integration must be
taken into account not just in its vector form, but also in its contribution to the surface potential v. In
other words, it is necessary to take into account the medium between the heart and the point-of-interest
where the ECG is to be measured. In order to do this, it must be assumed that the reference voltage,
located at (x0, y0, z0), is known. Assuming that the reference voltage is known modifies (5) by changing
the path of integration. The initial path of integration was from (x0, y0, z0) to (x, y, z). Now, the path of
integration goes from the origin, (0, 0, 0), to (x, y, z). The equation is kept balanced by adding the known
reference voltage to the right-hand-side of the equation as follows:
x

v=

"

^

y

^

Ex ax • dx ax +

0

"

^

z

^

Ey ay • dy ay +

^

"

^

Ez az • dz az + v0

(6)

0

0

In order to take into account
the contribution
to! the surface
of the path of integration it is
!
!
! potential
!
!
!
!
!
necessary to include a new term. Specifically, it is necessary to include a constant that represents the
medium between the source and the point-of-interest on the surface of the body. Therefore, the
expression for the surface potential changes from (6) to the following:
l
v= x
lx

!!

!

x
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^

^
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^

!
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^

!

z

"
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Ez az • dz az + v0

0

!

(7)

Rearranging the terms to obtained a dot product expression, in which the contribution of both vectors
can be identified, gives the following:
^

^

x

^

v = ( lx ax + ly ay + lz az ) • (
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0

^
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^
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(8)

! ! ! ! !! !
!
!
!
In short, this expression can be rewritten
of two
as follows:
!
! ! as a dot!product
! vectors
!

) )
v = L •V

(9)

)
where v is the potential measured on!the
! surface of the body, L is the vector modeling the medium from

the location of the source to the point-of-interest on the surface of the body in which the measurement is
)
to be taken, and V is the vector modeling the source!inducing potentials onto the surface of the body.
The expression outlined by (9) gives insight information about the surface potential measured by
the electrocardiograph,
the heart acting as a generating source, and the medium between the source of
!
the measurement site. As it can be seen from (9), the vectorcardiogram is an equivalent vector
representation of the heart seen as an electric source inducing potentials onto the surface of the body.
Furthermore, vectorcardiography is solely based on the assumption that the medium of the volume
conductor is constant.
The electrocardriogram and the vectorcardiogram are two concepts that are interrelated. The
Electrocardiogram is a time-dependent signal. As a consequence, the vectorcardiogram is also a timedependent signal. The difference is that the vectorcardiogram is a four-dimensional signal, the three
dimensions of the rectangular coordinate axes plus one dimension of time, that represents the electric
activity of the human heart through time [44, 45], and the electrocardiogram is a two-dimensional signal,
amplitude and time, that represent the same information, but as seen from the surface of the body. In
)
addition, the information provided by the medium, L , is also shared between the electrocardiogram and
)
the vectorcardiogram. The medium L , is known as the Lead Vector. The lead vector is the vector
!
!
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representation of the conductive medium located from the source to the point-of-interest in the surface
of the body [44]. For simplicity, the expression in (9) can be written in matrix form as follows:
v = [L][V]

(10)

where v is the surface potential, [L]=[Lx Ly Lz] is the lead vector that characterizes the medium between
the source and the point-of-interest, and [V]=[Vx Vy Vz]T is the vectorcardiogram.
In addition, the time-dependency of the electrocardiogram and vectorcardiogram is taken into
account in the source. The medium is assumed to remain constant. Therefore, the voltage v and the
vector [V] are the time-dependent functions in the equation. The derivation shown in this section was
left without the time-dependency for simplicity of explanation. Nevertheless, later in this chapter, the
time-dependency is included in the derivation of more complex equations.

3.3

Ohm’s Law, Faraday’s Law, Dipole Moment and the Electrocardiogram
An alternative to the previous mathematical model that describes the electric activity of the

human heart is the dipole model of the human heart. The dipole model assumes a current source located
inside the human body. The current source induces a potential on the surface of the body, in turn, the
electrocardiograph can measure the surface potential. The derivation of the model requires the use of
Faraday’s Law, Ohm’s Law, and the definition of the dipole moment. Together, these three concepts
create the dipole model of the human heart. There are many versions of the dipole model of the human
heart. For simplicity, the derivation of the fixed-single dipole model of the human heart will be shown in
the following paragraphs.
The first step in this derivation is to use dynamic case of Faraday’s Law that states that the
electric field is a function of the distance r and is equal to the negative gradient of the potential minus
^

the partial derivative of vector potential A with respect to time as shown in the following equation:

!
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^

^

"A
E (r) = - "! (r) "t

(11)

^

where " is the potential, r is the distance of the
! point-of-interest, and A is the vector potential. The
dynamic case of Faraday’s Law, shown in (11), is a good approximation to the electric field of the
! prohibits the use of (11) as it stands.
! human body. However, the physical dimension of the human body
The electrocardiogram is shown to have a low frequency. In turn, this implies a long wavelength. In
comparison, the wavelength of the electric field that produced the ECG is much longer than the
dimension of the human body. Thus, the change in frequency of the electric field is so little that it can be
assumed to have no time dependence. This property is called the quasi-static case of Faraday’s Law. The
effects of assuming quasi-static conditions means that the second term in (11) goes to zero giving the
following equation.
^

E (r) = - "! (r)

(12)

In this case, Ohm’s Law can be used to give an expression for the electric field. Ohm’s Law states that
^

^

the current density J is equal to the product of the conductivity ! times the electric field E . In
equation form, Ohm’s Law is stated as follows:
^

^

J (r) = ! E (r)

(13)

^

Solving for the electric field E in (11) and substituting it in (12) provides an expression for the current
density in terms of the negative gradient of the potential, as follows:
^

J (r) = - ! "! (r)
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(14)

Now that an expression for the current density in terms of the conductivity and the negative
gradient of the potential has been found, an additional substitution can be made that can lead to an
expression for the potential measured by the electrocardiograph. Specifically, assume that the current
^

density J is given by a monopole described by the following equation:
^

J (r) =

I0 ^
ar
4 "r 2

(15)

^

where Io is the initial current of the monopole,
J is the current density, r is the distance from the source
!
^

^

to the point-of-observation, and a r is the radial vector corresponding to the current density J [43]. The
next step is to substitute (15) into (14), and replace the gradient by a partial derivative, because it is only
changing with respect !
to r, provides the following equation after solving for the partial derivative of the
potential:

"# (r) =

# I0
dr
4!"r 2

(16)

!
The next step is to obtain an expression
for the potential. Integrating the potential on the left side and the

integrating the distance on the right side provide the required equation:

% "# (r) =

# I0
4!"

" (r) =

I0
4!"r

$

0

!

r

!
0

1
dr
r2

(17)

(18)

The expression found in (18) is the!potential at a distance r produced by a monopole. However, the goal
is to find the potential produced by a dipole at a distance r away from the source. A dipole is composed
of two monopoles, opposite in charge, separated a very small distance [43]. In general, the contribution
by monopoles to a point-of-observation located a distance r from the source can be found by
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superposition. The potential at a point P given by the monopole equation with superposition for two
monopoles is:

" (P) = " m + (P) + " m# (P)

!

!

! I0
" (P)=
4!"

!

Now, assuming that r2

–

" (P) =

&1 1
$$ '
% r1 r2

(19)

#
!!
"

(21)

I 0 # r2 " r1 &
%
(
4!" $ r1r2 '

(22)

!
2
r1 ! dcos " and that
! the product r1r2 can be approximated by r [43], the

expression in (22) becomes the following:

!

!

!

" (P) =

I0dcos"
4 #$r 2

(23)

The dipole moment can be easily identified in the numerator of the (23). The dipole moment is the
!
!
^
product Iod, and it is identified as m . Furthermore, the numerator can be written in dot product form as
follows:
^

^
m
•
a
" (P) =
r
4!"r 2

(24)

^

! from the origin to the point of interest. Similarly, expression (24)
where a r is the unit vector pointing

can be written in dot product form entirely. Therefore, the potential v given at a point p is given by the
^

^

dot product of the lead vector c and the dipole moment m . The equation obtained from this derivation
is the following:

^

^

vp = c • m
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(25)

where is composed of all the remaining terms in the expression except for the dipole moment. That is,
^

the lead vector c has the following form:
^
& Ay
& Ax # ^
c =$
! a x + $$
2
2
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# ^
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! az
2
% 4'(r "
"

(26)

Similar to expression (10), expression (25) can be written in matrix form as follows:
v = [c][m]

(27)

where c is the lead vector of the form [c]=[cx cy cz] and m is the dipole moment of the form
[m]=[mx my mz] T. The derivation of the dipole model of the human heart presented in this section is only
an introduction the practical implementation that this theory can provide. In the next section, the theory
presented will be extended to meet the requirements of modeling the electric activity of the human heart
as seen from the surface of the body by the electrocardiograph.

3.4

Dipole Model of the Human Heart
In general, the single-fixed dipole model of the human heart assumes a dipolar source as the

source inside the human body that generates the surface potential at the torso’s edge. A vector models
the medium between the source location and the boundary of the torso, that when projected onto the
dipole source produces the surface potential at a point on the surface of the body. In a three-dimensional
space, the vector form of the single dipole model of the human heart has the following form:
)
)
v(x, y,z,t) = c (x, y,z) " m(x, y,z,t)

(28)

)
where m(x, y,z,t) is the equivalent
time-dependent dipole source at a position in space at X, Y, and Z,
!

that induces potential onto the surface of the body, v(x, y,z,t) is the time-dependent potential measured
!

!
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)
)
at the surface of the body produced by the dipole source m(x, y,z,t) , and c (x, y,z) is the lead vector that
)
characterizes the medium between the dipolar vector source m(x, y,z,t) and the boundary of the torso.
!

!
!

Figure 3.1 Description of the fixed single dipole model of the human heart.
For clarity of expression, the dipole position in space is assumed to be known and is removed
from the dipole model equation. Finally, the single-fixed dipole model of the human heart, in vector
form, has the following form:
^

^

v(t) = c • m (t)

(29)

The single fixed dipole model has been used to reproduce surface potentials using an equivalent dipole
source that best represents distributed electrical sources [46, 47]. An extension of (29) would be a
general form of which represents an expression for any n number of dipoles:
) )
) )
) )
) )
v(t) = c1 " m1 (t) + c 2 " m2 (t) + L + c i " mi (t) + L + c n " mn (t)

(30)

Equivalently, expression (30) can be expressed using a summation as follows:
!
n

v(t) =

^

^

! c • m (t )
i

i =1

27

i

(31)

where superposition has been used for n dipoles and ci is the ith lead vector corresponding to dipole
mi(t). Note that in (31), v(t) is one measurement as a result of n number of dipoles. Multiple dipole
sources have been studied for identification of heart conditions such as left ventricular hypertrophy
where the multiple dipole sources where found to be much more sensitive than the standard 12-lead
ECG [48].
3.5

Multiple-Fixed Dipole Model
In applications such as the six precordial leads of the 12-lead ECG, the multiple-fixed dipole

model of (31) can be expressed as six measurements. The first measurement of the precordial lead can
be expressed as follows:

) )
) )
) )
) )
v1 (t) = c11 " m11 (t) + c 12 " m12 (t) + L + c 1i " m1i (t) + L + c 1n " m1n (t)

(32)

)
)
where c 1i and m!1i (t) are the lead vector and dipolar source, respectively, of the ith dipole source
corresponding to the first measurement of the six precorial leads. Therefore, the six precordial leads can

! be model
! as follows:
) )
) )
) )
) )
v1 (t) = c11 " m11 (t) + c 12 " m12 (t) + L + c 1i " m1i (t) + L + c 1n " m1n (t)
) )
) )
) )
) )
v 2 (t) = c12 " m12 (t) + c 22 " m22 (t) + L + c i2 " mi2 (t) + L + c n2 " mn2 (t)
M

(33)

) )
) )
) )
) )
v 6 (t) = c16 " m16 (t) + c 26 " m26 (t) + L + c i6 " mi6 (t) + L + c n6 " mn6 (t)

Equivalently, !
expression (33) can be expressed using summations as follows:
n

1

v (t) =
v2(t) =

^1

^1

! c • m (t )
i

i =1
n ^2

i

^2

! ci • mi (t )
i =1

M
6

v (t) =

n

^6

^6

! c • m (t )
i

i =1
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(34)

where the superscripts identify the respective precordial lead and its measurement. In matrix form this
can be expressed as follows:
[v] 6 = [c] 6n [m] 6n

(35)

where the superscript indicates the number of precordial measurements, in this case six, and the
subscript indicates the number of dipoles used and consequently the number of lead vectors. Note that in
(35) the matrix-vector product is the dot product shown in (34). Therefore, for any number of
measurements with any number of dipoles (35) can be generalized to:
[v] m = [c] mn [m] mn

where m is the number of measurements or precordial leads.

Figure 3.2 Description of the multiple fixed dipole model of the human heart using superpostion.
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(36)

3.5

Modeling of a 128-Lead Body Surface Potential Map System
Applications that require a large number of measurements are found in body surface potential

mapping (BSPM). In BSPM the torso is divided into many distinct elements of which have different
^

conductivities and therefore different c vectors [49]. These techniques have been shown to provide
information vital to medical examiners of which can be used to identify conditions such as myocardial
infarction and ventricular hypertrophy [50, 51]. Research continues on the accuracy and implementation
of the BSPM as a more detailed diagnostic tool than that of the standard 12-Lead ECG [51, 52]. In the
case of the 128-Lead BSPM (36) would become:
128
[v] 128 = [c] 128
n [m] n
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(37)

Chapter 4: Materials and Methods
4.1

Scirun/BioPSE
The SCIrun software is a simulation software capable of modeling EMF fields and vector

simulations in a computer. SCIrun is defined by their developers as a “modular dataflow programming
Problem Solving Environment (PSE)”. This program is mainly intended for biomedical applications,
such as bioelectric field problems. As it can be deducted, SCIrun is a powerful tool for field analysis.
SCIrun is module based; that is placing and interconnecting the appropriate programming modules in the
interface window make the whole data calculation process. In its simplest way of functioning, the
process consists mainly of three steps: a read field is placed as an input, processing modules perform all
calculations needed for that field, and the result is displayed graphically.
Since the main purpose of SCIrun is to simulate and model bioelectric fields, units to be taken
into consideration are conductivity, potentials, electric field, dipole source, current density, and current
source density. It has to be mentioned that SCIrun does not keep track of units; that is if a calculation
requires one of the quantities to be a multiple or sub-multiple of 10 (e.g. microvolts) the user will have
to carry the unit conversions to output results.
The method being proposed requires a set of lead vector values [c]mn to be known. In order to
obtain these values a FE torso model, from SCIRun/BioPSE software, was used. The realistic FE torso
model from SCIRun is comprised of inner organs such as liver, !
lungs, heart, bones, blood, fat, and skin.
In addition, their conductivies can be set to those of a human torso. The SCIRun software does not
directly provide the values of the lead vectors. Instead, these values must be calculated using the
simulated surface potentials calculated by SCIRun. Having the values of the lead vectors simplifies the
computational problem. The computations can be reduced even further if appropriate use is made of
SCIRun along with a numerical computational tool. A description of the process required to calculate
these lead vectors is described in section 4.5. References on this software can be found in [53] and [54].
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4.2

Patriot 3D Digitizer
The Patriot 3D Digitizer is a system that has the capability of measuring points in space.

Through the use of a stylus-pen and a transceiver it can detect the position, in a 3-dimensional space, of
the tip of the stylus-pen. The future goal is to use the Patriot 3D Digitizer to measure points in space
while tracing a human torso. These measurements will provide discrete measurements that can later be
used as input to the Three-Dimensional Colored Surface Display software, designed by the author, to
produce a surface. In addition, the Patriot 3D Digitizer will allow the visualization of the actual patient’s
torso with the surface potential projected onto its surface. However, the Patriot 3D digitizer was used for
testing of the Three-Dimensional Colored Surface Display software only.

4.3

128-Lead Body Surface Potential Map System
The 128-lead body surface potential map (BSPM) system used in this research is the ActiveTwo

system from Cortech Solutions. It is a system with a high-resolution biosignal acquisition system. It has
128 active electrodes that optimize the SNR of the measured signal. The system has the capability of
utilizing strip-electrodes. Each strip contains a total of 8 electrodes, for a total of 16 strips. The strips
require conductive gel to be applied to each electrode. The proposed use of the 128-Lead BSPM system
is aimed to achieve an acquisition of a BSPM. The data were then processed to reduce artifacts. The data
will then be analyzed by the method described in section 3.5. This system was used to determine the
number of theoretical souces that could be used in its analysis using a multiple dipole analysis.

(a)

(b)

Figure 4.1 ActiveTwo system from Cotech Solutions; Setting used in summer’08 for an ActiveTwo
training given by Cortech Solutions personnel; 64-leads are placed on chest and back.
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4.4

ECG Databse from Physionet
In order to achieve the statistical analysis required by this research it is necessary to utilize a

population of 12-lead ECG measurements that contain the 6 precordial measurements. The
measurements utilized by this research were obtained from Physionet, an online resource for complex
physiologic signals from which a database of 104 ECG measurements was obtained [55]. A total of 52
healthy and 52 abnormal ECG measurements were obtained.

4.5

Calculating Lead Vectors
Lead vectors can be calculated using the single fixed dipole model of the human heart. This

mathematical model exhibits 3 unknowns, which can be found by a controlled experiment such as
simulation software. For instance, expression (29) can be rewritten in terms of rectangular components.
That is,

v(t) = c x " mx + c y " my + c z " mz

(38)

where c x , c y , c z are the projected values of the lead vector onto the x-axis, y-axis and z-axis,
respectively; mx , my , mz are the
! rectangular components x, y, and z of the dipole vector. Through the use
)
software that can control the value of the input source m , the lead vector values can be
! of!a simulation
!
found
the trivial solution to (39). That is, when setting the dipole source vector to point
! by
!
! implementing

! at the surface of the body will be the
towards the x-axis with a unit magnitude, the potential induced
scalar value of the x-component of the lead vector. For instance, assume that
)
)
m(t) = 1ax

(39)

then from (38) we have the following:!
) )
v(t) = c x ax "1ax = c x

!
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(40)

It follows from (40) that the simulated surface potential is equal to the x-component of the lead
vector. The y-component, and z-component can be found by repeating the same process; applying the
trivial solution to the corresponding component-axis. Similar work can be found on [15, 56, 57].

4.6

Mean and Standard Deviation
In order to perform the statistical analysis required by this research the use of two statistical

concepts, the mean and standard deviation, were used. The definition of the mean used in this research
was:
n

x=

1
" xi
n i=1

(41)

where x is the average of n samples of x i where i goes from 1 to n. Similarly, the definition of standard
!
deviation used was:

!

!

" = E[(x # µ) 2 ]

(42)

where " is the standard deviation,!x is the set of data, µ is the mean of data x, and E is the expected
value operation [58].
!

!
4.7

RMS Error
The definition of the root mean squared error (RMSE) utilized in this research is composed of a

difference between the measured of value x1,i minus the approximated value x 2,i . The following formula
shows the RMS Error.

!
RMSE =

#

n
i=1

!
(x1,i " x 2,i ) 2
n

where n is the total number of measurements taken, i is the index of the sample to be analyzed [58].

!
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(43)

4.8

Ordinary Least Squares Solution
Due to the general form of the multiple fixed dipole equation, it is necessary to utilize an

optimization method; mainly, ordinary least squares. In the case of (36), [v]m is a set of m measured
surface potentials, [c]mn is a matrix containing the lead vectors for n dipole sources that correspond to m
surface potentials, and [m]mn is the unknown n dipole moments. The
! least squares solution to eq. (36) is
as follows:
!

!
T

[m]mn = ([c]mn [c]mn )"1[v m ][c]mn

T

(44)

where T indicates the transpose !
of the matrix ["]. The least squares solution to (36), shown by (44), is
the solution that solves (36) by finding an equivalent solution that optimally reconstructs the set of
measured surface potentials [v]m . Even
! in the case where the system of equations, described by (36), has
squared dimensions, the solution provided by (44) will be an equivalent solution; i.e., is a mathematical
solution that optimally
solves the equation without having a realistic physical numerical value. Many
!
researchers have used the mentioned approach: Rob MacLeod, a well-known Research Professor in
Bioengineering, and Ramesh M. Gulrajani to mention just a few [59, 60, 61].

4.9

A priori Information
In order to approach a realistic physical solution that provides meaningful insight of the problem

model by eq. (44) it is necessary to incorporate a priori information to the system of equations. The
above approach would be ideal if the goal was simply to find a multiple-dipole model that reconstructs
the measured signals. However, the goal of this technique and research is to find a dipole model of
which best reconstructs measured signals and of which corresponds to the known physiology of the
heart. A-priori information provides restrictions to the possible location of the dipoles used by first
noting that the electrical source activity is strictly limited to the heart and therefore no dipole model
should have sources outside the boundary of the heart. In addition, the sinoatrial node, atrioventricular
node, bundle of His and left and right ventricles are known electrically active areas of the heart and
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should thus also be considered for dipole locations to provide clinically relevant information once
reconstruction is done [60].
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Chapter 5: Implementation
5.1

Introduction
The theory presented in Chapter 3 and the Methods and Materials presented in Chapter 4 give a

stepping-stone for achieving the objective set by this dissertation. The dipole model of the human heart
is extensively tested and analyzed. It was subject testing using several dipolar sources. The codes
developed were designed with the capabilities of supporting a large scale of dipolar sources. However,
the objective of this research was to use a maximum of 5 dipolar sources. The work presented is an
improvement to previous work found in the literature [28]. The work presented here has the added
capability of a better design, since it is capable of providing a more accurate reconstruction than that
found in the literature, i.e. the RMS Error of the reconstruction is found to considerable smaller. In
addition, the work found in the literature has a limitation since it can only work with a maximum of 5
dipoles. In contrast, the work presented has no limitation regarding number of dipoles to be used.
However, the only limitation in our work is the computer memory resources when a large number of
dipoles are used.
Furthermore, the implementation was extended and a clinical experiment was designed. The
clinical experiment was designed with the objective of performing a statistical analysis on a database of
patients ECG, both healthy and unhealthy. The clinical experiment makes use of the improved methods
presented in Chapter 4. It is composed of 3 stages all designed by the author: an analysis process, a
clinical experiment procedure, and statistical analysis. The analysis performed provides, as an output,
the dipole components of the sources used in the analysis. The dipole components are given in spherical
coordinates. The clinical experiment is composed of actual patient data measured with an
electrocardiograph. Therefore, it has artifacts and noise inherent in its measurements. Once all the
patients’ electrocardiograms have been analyzed a statistical analysis was made to determine the dipolar
mean and the standard deviation of the patients analyzed.
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5.2

Analysis of Precordial ECG Signals Using Multiple Dipole Model of the Human Heart
The analysis of the precordial ECG signals is done as explained in Section 4.7. The

implementation of (44) required the use of mathematical software. In this research, Matlab was used for
the mathematical computations. The first subsystem is a code, which inputs the predetermined dipole
position and precordial ECG measurements. The second subsystem loads the Lead Vectors, from the
Lead Vector database of Section 5.2, for computing the matrix operations required by (44). The
operations required are the matrix multiplication, the transpose of a matrix, and the inverse of a matrix.
The third subsystem is the code that implements (44). The fourth and final step is to solve for the
components of the dipole moment. The code implemented for this analysis has the capability of
analyzing up to 12,571 dipole positions in the same analysis. The goal of this dissertation is to analyze a
total of 5 dipoles, from which a maximum of 3 dipoles are analyzed at the same time. The mentioned
process is summarized in the following figure.

Input
Dipole Positions and
ECG Measurements

Load
Lead Vectors

Optimization Method
using Multiple dipole
model
Solve for
Dipole Moment

Figure 5.1. Analysis of the precordial ECGs with the Multiple-Dipole Model
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5.3

Implementation of Theory: Definition of Algorithm

First, the algorithm was designed to be capable of accepting as input the six precordial ECG
signals from any given patient. The second step in the analysis is to determine the segment of the cardiac
cycle to be analyzed, i.e. p-wave, QRS-complex, T-wave, or complete cardiac cycle. After selecting a
segment to be analyzed, the processing of this segment must be performed. One of the requirements of
Matlab, when working with discrete signals, is that windows must be implemented to analyze segments
of a given signal. Therefore, it is necessary to process the window so effectively limit the analysis to the
window’s parameters. The next step is to filter the ECG signals. The goal is to reduce the low frequency
noise inherit in the measurements. Thus, a high-pass filter, with a cutoff frequency of 0.5Hz was
implemented. At this stage, the discrete ECG measurements are ready to be analyzed and be inputted to
the optimization procedure described in Section 5.3. The output of the optimization method is a set of
dipole moment vectors in rectangular coordinates. In order to effectively analyze the results, it was
decided that the analysis must be made in spherical coordinate. In this way, all vector properties are
taken into account: properties that are not easily understood in rectangular coordinates. The next step is
to perform the statistical analysis. Mainly, the average of all discrete samples analyzed is taken. In order
to provide an accurate statistical analysis of the magnitude of the dipole moment, the normalized dipole
moment was analyzed. The normalization is made with respect to the maximum dipole value of the
entire series of measurements in the ECG signals. The next step is to store the results and continue with
the analysis of the next ECG segment. The mentioned algorithm is shown the in following figure. The
analysis of all the patients in this research was done using this algorithm.
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Input
Precordial ECG Data

Select
ECG Segment to be
Analyzed

Process Segments

High-Pass Filter
@ 0.5Hz

Change ECG
Segment to be
Analyzed

Multiple Dipole
Analysis

Transformation of
Cardiac Vector to
Spherical Coordinates

Statistical Analysis

Store Results

Figure 5.2. Block diagram of the experiment for analyzing the spatial-temporal properties of the ECG.
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5.4

Module description

5.4.1 Segment Processing Module
The Segment Processing module converts segments of the ECG data into indexes or matrices for
its manipulation and returns a matrix containing the indexes of the segments. The inputs are the
Segments matrix variable containing the segments of the patient’s ECG trace being analyzed and Select,
the variable that determines which part of the cardiac cycle is being analyzed. The output of this code is
a row matrix containing the actual indices (not the values) of the ECG segments analyzed. The code first
creates another matrix that contains the same elements as Segments but rounded to their immediate
integer; in this way, indexing is easier. Next a new variable S is introduced. This variable is equal to
Select. Then using a for loop, iterating from 1 to 16 a matrix containing the indices of the elements in the
Segments matrix is filled out. As it can be deducted, segmented data from patients must be converted
from number to indices for its manipulation. The values stored are not changed, however the index in
which the value is stored is used instead. This function is necessary for the manipulation of the data, e.g.
graphing; otherwise analyzed data could not be displayed correctly.

5.4.2

High-Pass Filter Module
This module acts as a high pass Butterworth filter for the segmented signal being analyzed. Its

main purpose is to filter out low frequency components from the signal, such as drift and DC
components. Its input is the patient’s ECG trace. This code starts out by setting the low cut-off
normalized frequency at 0.5 Hz. Then, by using the Matlab Butter function a high pass Butterworth filter
is set up. Finally, the filtered signal is filtered again. The use of the filtfilt Matlab function allows zerophase distortion by filtering the signal backward and forward. The output vector contains a zero phase
undistorted filtered signal, in which low frequency components are removed.

5.4.3

Multiple Dipole Analysis Module
The Multiple Dipole Analysis Module is an algorithm that was designed to perform the

optimization for the localization of the dipole source inside the human torso. The inputs of the module
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are the indices of the positions for the mentioned sections of the heart and the segmented ECG signal for
the patient. The function outputs the time dependent dipole moments and the coordinates of the position
of the localized dipoles. The function Multiple Dipole Analysis Module reconstructs the loaded patients’
ECG signal. The reconstruction is accomplished using the least squares approach as explained in
Chapter 3.

5.4.4 Statistical Analysis Module
The input for this function is the matrix containing the position for dipoles used in the analysis.
The function utilizes an iteration variable i. For example, when analyzing 3 multiple dipoles, the input
matrix, containing the dipole components, has 9 rows, the first 6 iterations correspond to the analysis of
the theta and phi angles for the 3 dipole positions. The outputs are six matrices containing the mean,
standard deviations.

5.4.5

Three-Dimensional Colored Surface Display
The main purpose of this module is to graph the reconstructed heart potentials and more

importantly, create the heart surface plot from the results obtained in the analysis. The inputs of this
code are the points in space obtained from SciRun/BioPSE FE model of the heart and the reconstructed
heart potentials obtained from Multiple Dipole Analysis. The outputs are four vectors containing the
needed information to plot the heart surface. The code first divides the input matrix (containing the heart
surface points) into three columns corresponding to x, y and z values. Then the mean of each data
column is calculated and stored in a variable for its further use. The three-dimensional model is filtered
and removing the mean filters the DC component of each spatial signal. The resulting coordinates are
converted into spherical coordinates. However, in order to filter out the noise, a plain and segmented
two-dimensional projection of the points must be created. Here, only theta and phi components are
considered. A two dimensional window was implemented. The proper steps intervals for theta and phi
are set in order to create a square grid. The average of the position of the points contained in each cell
allows the elimination points that do not belong to the actual heart surface. Once the filtering is
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complete, the points are converted back to Cartesian coordinates in order to facilitate the plotting of the
surface contoured by those points. Using the Delaunay function, points are connected with lines, and
thus creating polygons. The final step involves the filling of those polygons with a colored surface. The
colors of the surface are a function of the reconstructed heart potential, obtained from the vector
resulting from the Multiple Dipole Analysis module. The result is a three-dimensional colored surface
model of the potentials induced by the heart.

5.5

Statistical Analysis Module
The Statistical Analysis Module was designed to provide the parameter ranges for the normal

and abnormal cases of the Multiple Dipole Model Analysis. First, the population data can be analyzed as
if it were part of a three-dimensional matrix in which columns are the total number of discrete samples
per patient, the rows the total number of patients that contain the specific discrete value of the dipole
component being analyzed. The analysis of the dipole components is done in spherical coordinates. The
theta and rho components do not required normalization due to its inherit nature of being naturally
bounded. The statistical analysis performed is a two-step process. First, the mean and standard deviation
are calculated with respect to the discrete samples of each patient. The next step is to take the mean and
the standard deviation with respect to the population of patients. By doing so, we obtain a range of the
dipole components for a specific population of normal ECGs. The following figure show the process just
described.
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Figure 5.3. Description of the population data in 3-dimension for further statistical analysis.

Figure 5.4 Mean analysis with respect to the number of samples.
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Figure 5.5 Mean and Standard deviation analysis with respect to the number of patients.

.
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Chapter 6: Results
6.1

Analysis of the Complete Cardiac Cycle Using Multiple Dipole Model
The proposed algorithm was implemented and tested on the complete cardiac cycle. The number

of dipole sources used on this implementation was three. These dipole sources where located at the
bundle of His, right and left ventricle. We performed a statistical study, of 47 healthy patients from a
total of 52 available, to determine the range of normal ECGs. The remaining 5 ECG were used as test
subjects to evaluate the algorithm’s performance. The parameters for the normal range of the 9-dipolar
components for the healthy ECG are shown in Table 6.1.
The analysis consisted of applying the 3-dipole model to analyze each patient is ECG and the
characteristics of each dipole, as well as comparing it to the normal range shown in Table 6.1. The
components analyzed are the spherical components using normalized magnitude. When a dipole has all
its components outside the normal range it is considered abnormal. A measure of accuracy was
calculated. A 80% and 96% accuracy was found in detecting a normal and abnormal ECG, respectively.
A summary of the possible abnormality locations is shown in Table 6.2.

Table 6.1: Range of normal ECGs in spherical coordinates (R,φ,θ) for the three dipoles sources used in
the characterization of the full cardiac cycle with the multiple fixed dipole model.

Normal Range

Dipole at
Left
Ventricle

Normal Range

Dipole at
Right
Ventricle

Normal Range

"
"

-1.1907±0.6476

"
"

-0.7769±0.6761

"
"

-1.1315±0.7770

R

0.0689±0.0321
!

R

0.0729±0.0357
!

R

0.0727±0.0354

Dipole at
Bundle of
Hiss

!

-0.2994±0.4893

-0.0591±0.3088

!

!

!

!

!

!
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0.0572±0.0587

The 3-dipole model analyzes each patient and the characteristics of each dipole is calculated and
compared to the normal range shown in Table 6.1. The analysis of abnormal patients indicated that the
proposed algorithm could successfully identify patients with abnormal ECG. In addition, it also
indicated the equivalent region from which the abnormality originated. For instance, the first abnormal
patient yields an abnormality in the left and right ventricle. A summary of the abnormality locations,
arrhythmia source, is shown in Table 6.2.

Table 6.2: Summary of the arrhythmia location on selected abnormal patients analyzed with the 3 dipole
model. On the following table an √ signifies no abnormality and an X signifies abnormality.
Patient #

Bundle
of his
Left
Ventricle
Right
Ventricle

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
X

√

X

√

X

X

X

X

X

X

X

X

X

X

X

X

√

X

X

X

X

√

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

A comparison of surface potential maps of the heart for patients 1, 2, 4, and 17 is shown in
Figure 6.1. These maps were generated at an instant in time where the peak R occurred in the QRS
complex. The three-dimensional graphs are color-coded; with the maximum being a red color, and the
minimum being a dark blue color. In the case of patient # 1, it can be seen that the electrical activity has
spread throughout the surface of the heart. On the other hand, patients 2, 4 and 17 show a highly
localized region of maximum activity.
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i) Patient #1

ii) Patient #2

iii) Patient # 4

iv) Patient # 17

Figure 6.1 Color-coded surface potential maps of the heart corresponding to the peak of the QRS
complex in the full cardiac cycle analysis for abnormal patients. Areas of red color
correspond to a maximum potential while areas of blue correspond to a minimum potential.
An anterior view of the heart is shown for patients 1 and 2, a right-lateral view is shown for
patient 4, and a posterior view is shown for patient 17. Each figure has it own color scale.
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i) Patient #1

ii) Patient #2

iii) Patient # 4

iv) Patient # 17

Figure 6.2 Arrhythmia location for the complete cardiac cycle based on the fixed multiple dipole model
analysis proposed in this dissertation.
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6.2

Analysis of the P-Wave Using Multiple Dipole Model
The proposed algorithm was implemented to perform the analysis of the P-wave. A total of 52

normal patients and 52 abnormal patients were analyzed. The analysis was made using two dipoles only.
These dipoles were located on the SA node and AV node. The normal range of the dipolar components
was calculated using 47 normal patients only; the remaining 5 patients were used as test patients. An
80% accuracy to detect normal patients was found, while a 36% accuracy of detecting abnormal patients
was obtained. The normal range found for the dipolar components of the P-wave are shown in Table 6.3.
A summary of the spatial analysis is shown in Table 6.4. In addition, the three-dimensional heart surface
plots generated with the code proposed in this dissertation are shown in Figure 6.2 for patients 1, 6, 9,
and 10. See the Appendix for the results of the 52 abnormal patients.

Table 6.3: Range of normal ECGs in spherical coordinates (R,φ,θ) for the three dipoles sources used in
the characterization of the P-wave with the multiple fixed dipole model.
Dipole at
SA Node

Normal Range

Dipole at
AV Node

Normal Range

"
"

0.5888±0.4477

"
"

0.7806±0.7294

R

0.0905±0.0545

−0.2918±0.6572
0.0929±0.0583
!

R

!
!

0.1074±0.1132

!

!
!
Table 6.4: Summary of the arrhythmia location on selected abnormal patients analyzed with the 2 dipole
model. On the following table an √ signifies no abnormality and an X signifies abnormality.
Patient #

SA Node
Av Node

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
X

√

√

√

√

√

√

√

√

√

√

√

√

√

√

√

X

√

√

√

X

√

X

√

√

√

√

X

X

√

√

√

√

√

√

√

X

√

√

√
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i) Patient #1

ii) Patient #6

iii) Patient #9

iv) Patient #10

Figure 6.3 Color-coded surface potential maps of the heart corresponding to the maximum of the P-wave
for abnormal patients 1,6,9 and 10. Areas of red color correspond to a maximum potential
while areas of blue correspond to a minimum potential.
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i) Patient #1

ii) Patient #6

iii) Patient #9

iv) Patient #10

Figure 6.4 Arrhythmia location for the P-wave based on the fixed multiple dipole model analysis
proposed in this dissertation.
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6.3

Analysis of the QRS-Complex Using Multiple Dipole Model
Similarly, the proposed algorithm was implemented to perform the analysis of the QRS complex.

The experiment’s settings were just as before. The analysis was made using three dipoles. These dipoles
were located on the bundle of his, right and left ventricle. The normal range of the dipolar components
was calculated using 47 normal patients only; the remaining 5 patients were used as test patients. An
80% accuracy to detect normal patients was found. A 92% accuracy of detecting abnormal patients was
obtained. The normal range found for the dipolar components of the QRS complex are shown in Table
6.5. A summary of the spatial analysis is shown if Table 6.6. In addition, the three-dimensional heart
surface plots generated with the code proposed in this dissertation are shown in Figure 6.3 for the
analysis of the QRS complex with 3 dipole sources for patients 4, 8, 12, and 19. See Appendix for all the
results of the 52 abnormal patients.
Table 6.5: Range of normal ECGs in spherical coordinates (R,φ,θ) for the three dipoles sources used in
the characterization of the QRS complex with the multiple fixed dipole model.

!

Dipole at
Bundle of
Hiss

Normal Range

Dipole at
Left
Ventricle

Normal Range

Dipole at
Right
Ventricle

Normal Range

"
"

0.5271± 0.4804

"
"

1.9319± 0.7492

"
"

0.8417± 0.7597

R

0.0954± 0.0983

−0.2386± 0.6794
0.0950± 0.0930
!

R

!

!

−0.0052± 0.0370
0.0900± 0.0932
!

R

!

0.0979± 0.1189

!

!
!
Table 6.6: Summary of the arrhythmia location on selected abnormal patients analyzed with the 3 dipole
model. On the following table an √ signifies no abnormality and an X signifies abnormality.
Patient #

Bundle
of his
Left
Ventricle
Right
Ventricle

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
X

√

X

√

X

X

X

X

√

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

√

X

X

X

X

X

√

X

√

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

√

X

X

X

X

X

X

X

√

X

X
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i) Patient #4

ii) Patient #8

iii) Patient #12

iv) Patient #19

Figure 6.5 Color-coded surface potential maps of the heart corresponding to the maximum of the QRS
complex for abnormal patients 4, 8, 12 and 19. Areas of red color correspond to a
maximum potential while areas of blue correspond to a minimum potential.
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i) Patient #4

ii) Patient #8

iii) Patient #12

iv) Patient #19

Figure 6.6 Arrhythmia location for the QRS complex based on the fixed multiple dipole model analysis
proposed in this dissertation.
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6.4

Analysis of the T-Wave Using Multiple Dipole Model
Likewise, the proposed algorithm was implemented to perform the analysis of the T-wave. The

experiment’s settings were just as before. The analysis was made using three dipoles. These dipoles
were located on the bundle of his, right and left ventricle. The normal range of the dipolar components
was calculated using 47 normal patients only; the remaining 5 patients were used as test patients. An
80% accuracy to detect normal patients was found. A 90% accuracy of detecting abnormal patients was
obtained. The normal range found for the dipolar components of the T-wave are shown in Table 6.7. A
summary of the spatial analysis is shown if Table 6.8. In addition, the three-dimensional heart surface
plots generated with the code proposed in this dissertation are shown in Figure 6.4 for patients 10, 25,
45, and 52. See Appendix for all the results of the 52 abnormal patients.

Table 6.7: Range of normal ECGs in spherical coordinates (R,φ,θ) for the three dipoles sources used in
the characterization of the QRS complex with the multiple fixed dipole model.

!

Dipole at
Bundle of
Hiss

Normal Range

Dipole at
Left
Ventricle

Normal Range

Dipole at
Right
Ventricle

Normal Range

"
"

0.5817± 0.4765

"
"

1.9746± 0.7639

"
"

0.7830± 0.7767

R

0.0898 ± 0.0635

−0.2900± 0.6972
0.0907± 0.0639
!

R

!

!

−0.0046± 0.0407
0.0844± 0.0629
!

R

!

0.1068± 0.1233

!

!
!
Table 6.8: Summary of the arrhythmia location on selected abnormal patients analyzed with the 3 dipole
model. On the following table an √ signifies no abnormality and an X signifies abnormality.
Patient #

Bundle
of his
Left
Ventricle
Right
Ventricle

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
X

X

X

X

X

X

X

X

√

X

X

X

X

√

X

X

√

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

√

X

√

X

X

√

X

X

X

X

X

X

X

X

X

√

X
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i) Patient #10

ii) Patient #25

iii) Patient #45

iv) Patient #52

Figure 6.7 Color-coded surface potential maps of the heart corresponding to the maximum of the Twave for abnormal patients 10, 25, 45 and 52. Areas of red color correspond to a maximum
potential while areas of blue correspond to a minimum potential.
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i) Patient #10

ii) Patient #25

iii) Patient #45

iv) Patient #52

Figure 6.8 Arrhythmia location for the T-wave based on the fixed multiple dipole model analysis
proposed in this dissertation.
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The analysis performed on the 128 Lead System was conducted with the goal of determining the
number of dipoles, in the multiple dipole analysis, that can be used in the reconstruction of surface
potentials. The experiment was done using one measurement of the BSPM acquired by the EASI
system. The analysis was done with the proposed multiple dipole model analysis described in Chapter 5.
It was found that there is a set of possible total of dipoles that can be used to analyze a BSPM composed
of 128 leads, that they provide a low mean error in the reconstruction of the 128 signals. The results of
this analysis are shown if Figure 6.5. For instance, the first low mean error was found to be 8; a total of
number of 8 dipoles can be used to accurately analyze the 128 Lead signals. Other sets producing low
mean error were: 8, 12, 24, 47, 53, 77, 132, and 214. The meaning of this result is that the analysis of the
128 Lead signals can be done with any number on the set. Increasing the number of dipoles in the
analysis has a positive effect on the spatial resolution of the analysis, because it provides an equivalent
amount of error.

Figure 6.9 128 lead dipole system’s analysis to determine how many dipoles can be used in its analysis.
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Chapter 7: Discussion
7.1

Discussion of Results
Overall, the results obtained in these experiments were as expects. Every experiment followed

the expected behavior according to the theory and formulas from which they were designed. In the case
of the multiple dipole analysis of the complete cardiac cycle using three dipoles located at the bundle of
his, left and right ventricle. A 80% accuracy was found for detecting normal patients. This results was as
expected. The analysis is based of the hypothesis that a dipolar analysis in spherical coordinates can
provide clinical information that can help identify patients with normal ECG traces. The 80% accuracy
found to identify patient with normal ECG traces means that the method is efficient to characterize
ECGs as normal. Therefore, the multiple dipole analysis in spherical coordinates can be effectively
implemented for the characterization of normal ECG for analysis of the complete cardiac cycle.
The magnitude of the spherical components is the only component that needs processing before
it can be analyzed. The magnitude needs to be normalized before the statistical analysis can be
performed. The reason for this is because the dipole magnitude for the ECG is directly proportional to
the magnitude of the ECG signal. The magnitude of the ECG signal varies from patient to patient and
performing a statistical analysis without processing the amplitude would have yielded a wider range.
The differences in the statistical ranges found for the multiple dipole analysis were expected. In
this analysis, three different dipole locations were analyzed: the bundle of his, the right and left
ventricle. It was expected that each dipole included in the analysis would have their specific statistical
range. It was found that a 96% of the total abnormal patients were found to be abnormal by the proposed
algorithm. Threfore, the statistical ranges established by the population of 52 normal patients work
effectively to determine abnormal ECGs. It was expected that abnormal ECG would have a dipolar
analysis that was not found in the statistical range of the dipole analysis for normal ECGs.
The results of Table 6.2 show that the proposed algorithm is capable of identifying abnormal
ECGs. The complete results for the 52 abnormal patients are shown in the Appendix. However, for the
results of the 20 patients shown if Table 6.2, it can be seen that all 20 patients were found to be
abnormal. For instance, abnormal patient #1 was found to have the three dipoles outside of the statistical
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range. Therefore, the algorithm effectively determined that the patient was abnormal. In the case of
patient #2, the algorithm determined that 1 out of the 3 dipoles were outside the expected statistical
range. Therefore, the spatial analysis discarded one of the dipoles as abnormal. In turn, it was found that
the right ventricle was the possible cause of illness for this particular patient. Similarly, it was found that
abnormal patient #4 showed a possible location of illness in the left and right ventricle. The same was
found for abnormal patient #17.
The three-dimensional graphs shown in Figure 6.1 show the heart surface potentials calculated
with this algorithm. The three-dimensional plots show the expected dipolar behavior that the electric
activity of the human heart portrays. The graphs show areas of maximum potential (red areas) and areas
of minimum potentials. While the characterization of these graphs was not the goal of this dissertation, it
can be said that the spatial-temporal analysis performed using the multiple dipole analysis gives
meaning to these graphs. With out the spatial-temporal analysis, these graphs would be hard to interpret.
However, with the results from Table 6.2, these graphs can be used to easily identify as abnormal the
three-dimensional graph of the surface potentials of the heart. The graphs on their own would provide a
view of the potential distribution on the heart, but no clinical meaning.
For the P-wave analysis a total of two dipoles were used in the analysis. They were located at the
SA node and the AV node. The efficiency of identifying normal patients was found to be 80%. A result
of this kind was expected, because among normal ECGs there is little variation on the ECG traces.
However, 36% efficiency was found when identifying abnormal patients. The reason is that the P-wave
is a segment of the ECG is low in amplitude and its often at in the noise level. For abnormal ECG it is
possible that any abnormality may be masked by noise.
The QRS complex has the highest signal-to-noise ratio. Therefore, the analysis can be performed
without the worry of added artifacts. In this case, 80% efficiency was found for detecting normal ECGs.
A total 92% efficiency was found to determine an abnormal ECG. In Fig 6.3, it was found that for
patient #2, the left and right ventricle were the possible location of cardiac illness. In the case of patient
#12, the bundle of hiss and the right ventricle were identified as the possible locations of illness. Finally,
patient #18 was found to presented abnormalities in the bundle of hiss and the left ventricle.
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Similar results were found for the T-wave analysis. The statistical analysis yielded 80%
efficiency identifying normal patients and 90% efficiency identifying abnormal ECGs. The graphical
results show that patients #4 and # 19 show an abnormality on the bundle of hiss and left ventricle, while
patients #14 and 17 show abnormalities on the left and right ventricles. Therefore, the algorithm can
effectively provide spatial information from the ECG. The results of these experiments are shown in the
Appendix.
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Chapter 8: Conclusion and Future Work
8.1

Conclusion and Future Work
The goals and objectives stated in this dissertation were all achieved successfully. First of all, a

novel and state-of-the-art approach for expanding the ECGs capabilities for diagnosis was proposed and
implemented. The goal was to improve the ECG analysis from a temporal analysis to a spatial-temporal
analysis. In order to achieve this task, the dipole model of the human heart was used. As part of this
dissertation, the single-dipole model concept was expanded to a multiple dipole concept and the
equations were derived for their implementation using any computational software. Second, by adding a
statistical analyzes to the multiple dipole analysis it was possible to incorporate spatial to the process.
The implementation of such a statistical process proved effective. It effectively added a spatial
dimension to the analysis of the ECG. With the proposed algorithm, the ECG is capable of determining
the possible location of cardiac illness, arrhythmias, according to the location of the dipoles inside the
human heart. Furthermore, in order to display the results accurately, a three-dimensional surface plotter
was successfully implemented. The three-dimensional plots shown if Chapter 6 were successfully
created in this algorithm. Overall, 80% accuracy in detecting a normal ECG was found. On the other
hand, the efficiencies identifying abnormal ECG for the complete cardiac cycle, QRS-complex, and Twave are 96%, 92%, and 90%, respectively. These numbers are the proof that the proposed algorithm
achieved the objective of adding a spatial-temporal analysis to the ECG. Thus proving the concept that
by adding a statistical analysis to the multiple dipole model of the human heart it is possible to
incorporate spatial-temporal analysis to the ECG.
The future work related to this research topic is to improve the sensitivity of the identifying the
possible regions of cardiac illness. The proposed algorithm is efficient in identifying both normal and
abnormal ECGs. However, increasing the number of dipoles used in the analysis can increase the
sensitivity to locate possible regions of illness in the heart. In the future, the number of dipoles in the
analysis should be increased with the goal of making a high-resolution spatial analysis of the spatialtemporal analysis of the ECG using a multiple dipole model approach.
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Appendix
A.1 RESULTS
Table A.1: Summary of the arrhythmia location for P-wave X and √ means abnormality and healthy.
Abnormal Patient #

SA Node
X
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
X
√
√
√
√
√
√
√
√
√
√
√
X
√
√
√
√
X
√
√
√
X
√
X
X
√
√
X
X
√
√

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
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AV Node
X
√
X
√
√
√
√
X
X
√
√
√
√
√
√
√
X
√
√
√
X
√
√
√
X
√
√
X
√
√
X
X
√
√
√
√
√
X
X
√
√
√
√
√
X
√
X

√
X
√
√
√

48
49
50
51
52

√
√
√
√
√

Table A.2: Summary of the arrhythmia location for QRS complex X and √ means abnormality and
healthy patient, respectively.
Abnormal Patient #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Bundle of His
X
√
X
√
X
X
X
X
√
X
X
X
X
X
X
X
X
X
X
X
X
X
X
√
X
X
√
X
X
√
X
√
X
X
√
X
X
X
X
X
X
X
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Left Ventricle
X
X
X
X
X
√
X
X
X
X
X
√
X
√
X
X
X
X
X
X
X
X
X
X
X
√
X
X
X
X
X
√
X
√
X
X
X
X
X
X
X
√

Right Ventricle
X
X
X
X
X
X
X
X
X
√
X
X
X
X
X
X
X
√
X
X
√
X
X
X
X
X
X
X
X
√
X
√
X
X
X
X
X
√
X
X
X
X

43
44
45
46
47
48
49
50
51
52

X
√
X
X
X
√
X
√
X
X

X
√
X
X
X
√
X
√
X
√

X
√
X
X
√
√
X
√
X
X

Table A.3: Summary of the arrhythmia location for T wave X and √ means abnormality and healthy
patient, respectively.
Abnormal Patient #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Bundle of His
X
X
X
X
X
X
X
X
√
X
X
X
X
√
X
X
√
X
X
X
X
√
√
X
X
X
√
X
X
X
√
X
X
X
X
X
√
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Left Ventricle
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
√
X
√
X
√
X
√
X
X
X
X
X
X
X
√

Right Ventricle
X
X
X
√
X
√
X
X
√
X
X
X
X
X
X
X
X
X
√
X
√
X
√
X
X
X
√
X
X
X
X
X
X
√
√
X
√

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

X
X
√
X
X
X
X
√
√
X
X
X
X
X
X

X
X
√
X
X
X
X
X
√
X
√
X
X
X
X
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X
X
√
X
X
√
X
X
√
X
X
√
√
X
X

Figure 6.5 Sample Precordial signals used in the multiple data display.
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Figure A.1 BSPM, polygon Heart and Heart Surface Potential Map for the Multiple Data display
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A.2 THREE-DIMENSIONAL COLORED SURFACE DISPLAY
After many experiments, the last final approach was then to use a 3-D to 2-D conversion
followed by the use of “delaunay” function in Matlab of which creates a mesh of non-overlapping
triangles out of two-dimensional discrete data.

PHI

THETA

The indices found by the function to create the surface triangles in the two-dimensional data set
were then saved and used to create surfaces in the three-dimensional data set by using the “fill3”
function. The advantage of the “fill3” function is that it creates a surface out of triangulated indices
where obtained in the manner described above, as well as accepting a vector specifying the projection of
a value for each respective vertex.
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In the figure it can be seen that the presence of overlapping triangles has been eliminated.
In addition the four input argument function “fill3” has been used to generate a surface potential map of
the human heart.
A.3 CODES
function [X Position]=Xanthis_MFD(POS,Measurements)
%%% Author: Eduardo Morales May 26,2008
load LVPre % Load Lead Vector precordial values
warning off
V=Measurements;

% Measured potential

Cs=LV_pre_3D(POS,:,:);
N=length(POS); % Number of Dipole sources to be used
k=1;
75

S=1;
for n=1:3*N
if k>3
k=1;
S=S+1;
end
Cs_column(:,n)=Cs(S,:,k);
k=k+1;
end
A=ones(3*N,3*N);
for row=1:3*N
for column=1:3*N
A(row,column)=Cs_column(:,row)'*Cs_column(:,column);
end
end
for j=1:length(V(1,:)) %% Iterate throughout all time
for n=1:3*N
b(n,1)=V(:,j)'*Cs_column(:,n);
end
X(1:3*N,j)=A\b; % Time Dependent Dipole Moment
end

function [output1 output2 X]=Driver02a(Measurements,SegmentIndex)
for i=1:length(Measurements(:,1)
DATA(i,:)=processing(Measurements(i,:),1); % Highpass filter @ 0.5HZ
end
POS=[7732 2068 5383]; % Index position for: Bundle of HIs - - left purkinje - - right purkinje

76

[X Position]=Xanthis_MFD(POS,DATA(:,SegmentIndex(1,1):SegmentIndex(1,2)));
for i=1:3
[THETA(i,:),PHI(i,:),R(i,:)] = cart2sph(X(i,:),X(i+1,:),X(i+2,:));
[n_T(i,:),xout_T(i,:)] = hist(THETA(i,:),50);
[n_P(i,:),xout_P(i,:)] = hist(PHI(i,:),50);
[n_R(i,:),xout_R(i,:)] = hist(R(i,:),50);
end
output1=[n_T;

% Output1 contains histogram vectors of spherical coordinates

xout_T;
n_P;
xout_P;
n_R;
xout_R];
output2=[ THETA;

% Output2 contains the spherical coordinates

PHI;
R

];

function sh=processing(Signal1,M)
%%% High Pass Filtering
wh=0.5/1000;

% Normalized Cutoff frequency in rad/s

[bh,ah]=butter(1,wh,'high'); % 1st order butterworth high pass fiter
sh=filtfilt(bh,ah,Signal1); % Zero-phase digital filtering

function [X_s Y_s Z_s C_s]=Surf_plot(DATA, Z_vector, Filtering)
clc

% Clear screen
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% Select columns of data
X=DATA(:,1);
Y=DATA(:,2);
Z=DATA(:,3);
% Calculate mean of data columns
X_mean=mean(X);
Y_mean=mean(Y);
Z_mean=mean(Z);
% Calculate distance from any element in the columns to their mean
XX=X-X_mean;
YY=Y-Y_mean;
ZZ=Z-Z_mean;
[THETA,PHI,R] = cart2sph(XX,YY,ZZ); % Convert to spherical coordinates
if Filtering == 1
count = 0;

% Set counter to zero

step_theta=(pi-(-pi))/30;

% Set step for theta to pi/15

step_phi=(pi/2-(-pi/2))/30; % Set step for phi to pi/30
for T=-pi:step_theta:pi

for P= (-pi/2):step_phi:(pi/2)

% Iterate theta from -pi to pi

% Iterate phi from -pi/2 to pi/2

[row_T column_T]=find(THETA >= T & THETA < (T+step_theta) );
if isempty(row_T) == 0 % not empty
[row_P column_P]=find(PHI(row_T,1) >= P & PHI(row_T,1) < (P+step_phi) ); % Check for non-zero
elements' indices
end
if (isempty(row_T) == 0) && (isempty(row_P) == 0)
count=count+1;
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THETA_s(count,1)=mean(THETA(row_T(row_P),1)); % Estimated value
PHI_s(count,1)=mean(PHI(row_T(row_P),1));
R_s(count,1)=mean(R(row_T(row_P),1));

% Estimated value
% Estimated value

end
end
clear row_T column_T row_P column_P % Clear values stored in variable
end
THETA=THETA_s;
PHI=PHI_s;
R=R_s;
[XX,YY,ZZ] = sph2cart(THETA,PHI,R);

% Convert back to cartesian coordinates

end
tri=delaunay(THETA,PHI); % Set lines connecting points in vectrs containing theta and phi vector
T=tri';

% Transposed of delaunay triangulation

for row=1:3
for col=1:length(T(1,:))
X_s(row,col)=XX(T(row,col));
Y_s(row,col)=YY(T(row,col));
Z_s(row,col)=ZZ(T(row,col));
C_s(row,col)=Z_vector(T(row,col));
end
end
fill3(X_s,Y_s,Z_s,C_s)

% Fill and color poligons out from vectors

function output=PLOTS_2(DATA)
X=DATA;
load HeartSurface.mat % Load heart surface file
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Z=Xanthis_MFD_recons(X); % Performing Xanthis reconstruction
[X_s Y_s Z_s C_s]=Surf_plot([X_h Y_h Z_h], Z(round(length(X(1,:))/2),:), 0);
output=1;

function DATA=Driver()
% Eduardo Morales
% March 12, 2009
% Code Description:
%

Driver of th experiment for analysis of the 3 dipole model of the

%

P-wave, QRS complex, T-wave and Complete Cardiac cycle for 52

%

normal and 52 abnormal patients.

Select=2; % Analyze only the QRS complex first
count=0; % Reset counter
for Normal=0:0
for i=18:18
% Load Patient's ECG and Segments to Analyze
[Signals ,Segments ]=Patient_Loader(i,Select,Normal);
% Convert Segments to indexes
SegmentsIndex=Seg2Index(Segments,Select);
% Do analysis
for j=1:(64/4)
[Histograms, DATA, Vector]=Driver02a(Signals(8:13,:),SegmentsIndex(j,1:2));
if j>1
Store_DATA = horzcat(Store_DATA, DATA);
else
Store_DATA=DATA;
end
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end
% Do Statistical Analysis
stats(:,:,i)=DoStats(Store_DATA);
% Plot And Save plots: 1st Reconstruct heart potentials
graphs=PLOTS_2(Vector);
view([0 0]);
count=count+1;
F(count) = getframe;
pause
close all
end
% Store Results
if Normal==0
save('RNormalPlots.mat', 'F')
save('ResultsNormal.mat', 'stats','Store_DATA')
else
save('RAbnormalPlots.mat', 'F')
save('ResultsAbnormal.mat', 'stats')
end
clear stats
end
output=1;

function SegmentsIndex01=Seg2Index(Segments,Select)
% Eduardo Morales
% March 12, 2009
% Code description:
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% Converting Segments into indexes for analysis.
SegmentsIndex=round(Segments); % Round into next integer
S=Select;
for i=1:(64/4)
SegmentsIndex01(i,1:2)=SegmentsIndex(1,(S + 4*(i-1)):(S + 4*(i-1)+1));
end

82

Vita
Eduardo Morales was born in June 20, 1980 in Torreon, Coahuila, Mexico. He is son of two
medical doctors. He’s father is Jose Eduardo Morales Lopez; a retired medical doctor in general
practice. He’s mother is Ma. De los Angeles Alanis Alanis; a retired medical doctor in general practice.
He is the oldest of 3 brothers; Edgar Ricardo Morales Alanis and Carlos Rafael Morales Alanis. He
attended Primary, Secondary and High School in Juarez City, Chihuahua, Mexico. He obtained his
Bachelors and Masters degree in Electrical Engineering from the University of Texas at El Paso. He has
attended two internships: one with Walt Disney World and the second with National Instruments. He has
been involved with research in the electric activity of the human heart since 2003. He has 7 conference
publications and, in 2009, he achieved one journal article accepted for publication in the International
Journal of Electromagnetism. Currently, he is working as a Mathematics Teacher in the Dallas
Independent School district, in Molina High School.

Permanent address:

12790 Mark Twain
El Paso, Texas 79928

This dissertation was typed by Eduardo Morales.
83

